ABSTRACT: Mosquito-borne diseases are a pervasive public health problem on a global scale, and effective management of them requires well-designed surveillance programs for both vectors and pathogens. Mosquito traps are a common component of such programs, and their reach can be expanded by engaging citizen scientists. In this study in a southern Australian city, we compared the mosquito collection efficacy of two types of traps and assessed their suitability for use in citizen science programs. BG Sentinels and BG Gravid Aedes Trap (BG-GAT) traps both collected Aedes and Culex species in similar proportions, albeit with the former collecting approximately nine times as many mosquitoes. However, BG Sentinels have a greater per unit cost than BG-GATs and are restricted to deployment near power outlets. Importantly, despite being devised for collection of Aedes (Stegomyia) dengue vectors (such as Aedes aegypti), both traps can be effectively used in temperate climates for collection of a range of mosquito species. These traps could conceivably be used in citizen science programs to enhance the reach of surveillance at reduced cost. Journal of Vector Ecology 43 (1): 98-103. 2018.
INTRODUCTION
Engaging volunteer members of the public in scientific projects, so-called 'citizen science' , potentially increases the amount of data researchers may collect, as it expands the number of collectors and may enable access to locations otherwise unavailable (Williams et al. 2017) . Particularly successful examples of citizen science projects include rapid assessment of biota in a reserve (so-called 'Bioblitzes' , e.g., http://www.discoverycircle.org. au/), bird counts (e.g., http://www.audubon.org/Bird/cbc/), and frog location records (e.g., 'FrogWatch' http://www.frogwatchsa. com.au/). Citizen science is becoming increasingly commonplace as a component of scientific investigations.
Mosquito surveillance programs currently form part of most mosquito-borne disease management strategies globally, including in Australia. Information on mosquito abundance and species composition enables assessment of disease risk and can guide vector control operations. In some jurisdictions, detection of exotic mosquito incursion is critical, particularly with respect to the highly invasive Asian tiger mosquito, Aedes albopictus. On the Australian mainlaind, where Ae. albopictus is not yet established, surveillance for this species at air and sea ports is ongoing. A citizen science project has recently been launched in Queensland to encourage the collection of mosquito eggs for genetic screening to detect exotic Ae. aegypti and Ae. albopictus (https://metrosouth. health.qld.gov.au/zika-mozzie-seeker). Globally, the United Nations Environment Program in partnership with various citizen science groups have launched the 'Global Mosquito Alert Consortium' (https://ecsa.citizen-science.net/global-mosquitoalert) which aims to empower citizens to contribute to mosquito surveillance. The emerging use of citizen science to improve mosquito-borne disease management is evident from a number of recent publications. Citizen scientists were involved in the creation of a national mosquito atlas in Germany (Walther and Kampen 2017), helped to collect field data to inform mosquito control efforts in the U.S.A. (Jordan et al. 2017) , and powered a successful exotic mosquito detection in Europe (Palmer et al. 2017) . These reports all point to the emerging recognition and importance of citizen science in mosquito-borne disease control.
The benefits of citizen science in relation to the surveillance of mosquitoes are limited by the ability of traps used to catch them. Factors such as cost, effectiveness of collection with regards to the number of relevant species caught, ease of use, and portability are all important considerations when deciding the type of trap to be deployed. One of the most common mosquito traps used in Australia is the carbon dioxide-baited Encephalitis Virus Surveillance (EVS) trap (Rohe and Fall 1979) . In comparison to many traps, the EVS is considered extremely efficient in trapping host-seeking female mosquitoes from various species . The EVS uses carbon dioxide as dry ice (the primary attractant) and a light source (the secondary attractant) to attract mosquitoes, which are led through the trap during the process via a downward airflow created by a fan motor and then finally into an attached catch bag (Rohe and Fall 1979) .
Despite the effectiveness afforded to the EVS, it has potential shortcomings compared to those of other traps for citizen science use. Specifically, the requirement for batteries limits deployment to 24 h cycles, and the need for carbon dioxide bait renders this technology too expensive and logistically difficult for largescale deployment for citizen scientists. Specifically, safety and practicality concerns around citizens handling dry ice for use in carbon-dioxide baited traps precludes its use at scale. Dry ice is typically only available at limited locations (even in urban areas), can be dangerous to handle (causing burns) and transport (causing drowsiness in closed vehicles), and is ephemeral, meaning time from pick up to deployment in a trap is critical.
Some potential traps for citizen science use are the BGSentinel and BG-GAT traps. The BG-Sentinel (Biogents GmbH, Regensburg, Germany) (Kroeckel et al. 2006) does not require the use of carbon dioxide, although that bait can be used for increased effectiveness. The trap instead imitates convection currents created by the human body and employs visual, olfactory, and chemical attractants (Kroekel et al. 2006) . The attracted female mosquitoes are then collected in a catch bag via the trap's suction fan. The BG Sentinel has been demonstrated to effectively collect mosquitoes in urban Australian environments and is used extensively worldwide for mosquito surveillance in urban areas, given its effectiveness as a collection tool for Aedes (Stegomyia) species of medical importance (Kroekel et al. 2006 , Meeraus et al. 2008 , Farajollahi et al. 2009 , Hapairai et al. 2013 . The retail cost per trap is AUD$188 (approximately USD $150).
The BG Gravid Aedes Trap (BG-GAT) (Biogents GmbH, Regensburg, Germany) has no moving parts, fewer total parts, no need for electricity, and a lower purchase cost (AUD$32, USD$26, Pacific Biologics Pty Ltd, Brisbane, Qld, as of August 2017). Using water and organic material, attractant cues for ovipositing female mosquitoes are created. After being attracted into the trap, adult mosquitoes are killed by residual insecticide, such as commercially available synthetic pyrethroids applied from a propellant can, or when stuck on an adhesive panel inserted into the trap. Mosquitoes cannot reach the water in the trap and typically fall dead on a mesh screen, from which they are later retrieved.
In this study we sought to determine the suitability of both BG Sentinel and BG-GAT traps for potential use in citizen science mosquito surveillance programs. We compared the collection efficacy of the two trap types in an urban setting in southern Australia and made observations of trap usability. If such traps prove suitable for use by the general public with little training, the potential exists to improve upon the overall cost effectiveness and geographic spread of urban mosquito surveillance, while at the same time enhancing public awareness of mosquitoes and the diseases they carry.
MATERIALS AND METHODS

Trapping design and locations
The performance and usability of traps was tested in an urban area within Adelaide, South Australia (population 1.3 million), at four residential locations. Each location was a private residence (house with yard), and two traps (a single BG Sentinel and BG-GAT) were deployed at each residence.
The four residences (in the suburbs of Parkside, Blair Athol, Mile End, and Prospect) are all in central-northern Adelaide, separated approximately 11 km from the most southern to the most northern point. All four locations were situated in suburbs for which the mosquito community was known to be similar (i.e., principally container-breeding mosquitoes, without much influence of coastal salt-tolerant species, Williams et al. 2001) . The mosquito community of Adelaide is comprised of over 20 species, with the most common being coastal salt-tolerant species (such as Aedes camptorhynchus and Aedes vigilax), container-breeders (such as Aedes notoscriptus and Culex quinquefasciatus), and other types breeding in groundpools (e.g., Aedes alboannulatus and Culex australicus). Coastal species are not common at the locations tested here. Despite recent airport detections at Adelaide, exotic container-breeding Aedes (such as Ae. aegypti and Ae. albopictus) are not established in this city, although BG Sentinels and BG-GAT traps can collect these species . Both trap types are also known to collect both female and male mosquitoes.
Traps were set at least 20 m apart at each residence and were operated for one week before collections were retrieved, trap locations switched within the residence, and traps re-set. Traps were set for a total of six weeks at four residences (n = 24 replicates). Trap setting and sample retrieval was performed by volunteers, and their feedback on trap usability was collated in order to determine feasibility for use in citizen science programs.
Trap design and usage
BG Sentinels were sourced from BioGents AG (Regensburg, Germany) and were set without the use of additional lures or carbon dioxide. The decision not to use carbon dioxide was based on issues of practicality and safety as outlined above. We also decided not to use additional lures with the traps as we were testing a trapping system with maximum simplicity for future use by citizen scientists. The addition of a further lure would alter trapping efficacy but in a way that would be poorly controlled through time if used by large numbers of people. The traps were plugged into 240 V outdoor power outlets and set out of direct sunlight and rainfall. Mosquito collections were retrieved each week by removing the collection bag and placing it in a standard domestic freezer (-4° C) for 24 h before transferring specimens to 70 ml specimen jars for transport to the laboratory. BGGATs were sourced from Pacific Biologics (Brisbane, Qld), and filled with 3 liters of tap water (to the overflow holes) to which six guinea pig pellets (comprised of compressed alfalfa) were added. Such pellets provide a eutrophic environment in the water and produce olfactory cues to lure mosquitoes to traps (Ritchie 2001) . Baygon™ outdoor surface spray was used to apply synthetic pyrethroids (imiprothrin and cyfluthrin) to the interior surface of the translucent trap top. Mosquito collections were retrieved by removing the top of the trap and carefully releasing the gauze screen containing the dead mosquitoes. These were then carefully placed into 70 ml specimen jars for transport to the laboratory. All specimens were identified using the keys of Russell (1993) .
Statistical analysis
A 2 x 4 contingency table and the chi-square statistic were used to determine whether the collection efficacy of the two traps varied depending on species and sex. One-way ANOVA with post-hoc Scheffe's tests (in STATA Ver. 14, College Station, TX) was used to determine whether the number of any particular species or sex were collected more than others in each trap type.
RESULTS
Mosquito collection efficacy
A total of 1,093 mosquitoes were collected from BG Sentinels, compared with 121 from BG-GAT traps, meaning that the ratio of mosquito collection was approximately 9:1 (BG Sentinels: BG-GAT). Females and males of two mosquito species were collected: Ae. notoscriptus (Skuse) and Cx. quinquefasciatus Say (Figure 1) . In addition, a number of off-target (i.e., non-mosquito) insects were collected which were counted but not individually identified. BG Sentinels collected 1,080 off-target insects, compared with 87 in BG-GATs. Off-target insects principally comprised small (<4 mm length) brachyceran flies and ants (the latter in BG-GATs only).
There were statistically significant differences in the numbers of each species and sex of mosquito collected by BG Sentinels (F = 6.41, df 92, 3 , P = 0.0005). Post-hoc Scheffe's tests showed a significant difference in collections between Ae. notoscriptus males and Cx. quinquefasciatus females. In general, BG Sentinels collected more Cx. quinquefacsiatus than Ae. notoscriptus (Figure 1 ). There were no statistically significant differences in the numbers of each species and sex collected by BG-GATs (F = 2.11, df 92, 3 , P = 0.104).
Although both BG Sentinels and BG-GATS collected male and females of both species, the relative collection efficacy (relative number in both trap types) was statistically dependent upon species and sex (χ 2 = 45.09, df = 3, P < 0.001). These differences can be visualized as percentages of the total collection (Figure 2 ), which show a relatively greater collection of Cx. quinquefasciatus in BG Sentinels but a greater collection of Ae. notoscriptus in BGGATs.
Usability and feasibility each trap type for use in citizen science
Volunteers servicing traps reported advantages and disadvantages of each trapping type. BG Sentinels were observed to produce larger collections of mosquitoes (Figure 1 ) that were easy to retrieve from the traps in their collection bags. Traps were considered clean and easy to assemble and operate. The principal disadvantages reported were that their location was restricted to power supply points. In terms of feasibility for use in citizen science, the unit cost of BG Sentinels (AUD$188) will limit the scope of any program in terms of numbers of participants. The consequences of trap loss by theft is also heightened by the relatively higher unit cost.
BG-GAT traps had a lower trapping efficiency (Figure 1) , and users reported difficulty in getting trapped mosquitoes out, in that some were damaged upon removal. Unpleasant odor associated with the water used to lure mosquitoes was noted, which may decrease the trap's acceptability among citizen scientists. The effectiveness of insecticidal surface spray on the interior of the trap was short-lived. Some participants noticed that mosquitoes contacting the interior surface two weeks after insecticide application were not dying, which may create problems for retrieving collections from traps. The dynamic nature of the alfalfa infusion and the role of bacterial activity in generating attractant chemicals means that it is likely to vary in attractiveness throughout a week-long deployment (Allan and Kline 1995) . Ants were also detected in the trap, with some consuming mosquitoes. Thus, some ant-proofing of traps may also be required.
Advantages of the BG-GAT included the lower unit cost (AUD$32, reducing the consequences of trap loss). The trap was considered relatively easy to assemble (compared with the BG Sentinel). Having no electricity requirements means the range of locations for setting the trap around the home is increased. There was less off-target catch as a proportion of the total insects collected, meaning that the trap was more specific for mosquitoes. 
DISCUSSION
In order to create mosquito surveillance programs with citizen scientists, collection devices that are usable, cost effective, and provide meaningful information for researchers and the public alike are required. There are several types of mosquito trap available worldwide, and here we present a study of two trap types likely to be suitable for urban mosquitoes.
Only two mosquito species were trapped in this study. Ae. notoscriptus and Cx. quinquefasciatus are both well-known from urban Australia and have previously been recorded in a number of studies in urban Adelaide (Williams et al. 1999 , Williams et al. 2001 ). Both species are known to be collected in BG-Sentinel traps in studies in Queensland, with Ae. notoscriptus forming 6% of collections in north Queensland . Both traps tested here were set for a week at a time and regularly serviced. Thus, they offer the possibility of more frequent data collection than carbon dioxide-baited EVS traps.
Collection sizes from BG Sentinels compare favorably with collections from carbon dioxide-baited EVS traps set in the area. Recent collections in suburban Adelaide as part of a wetland monitoring program (G. Mincham, University of South Australia, unpublished data) reveal a mean collection size of fewer than five mosquitoes per trap per night. We did expect a slightly greater diversity of species collected in the traps, but the sampling locations were sufficiently far from the coast to reduce the probability of detecting saltmarsh mosquitoes, such as Aedes camptorhynchus.
Both BG Sentinels and BG-GATs are options for use in citizen science mosquito surveillance programs. The choice of trap will depend on the particular program aims, the desired balance between mosquito collection ability at each location, and the geographic spread of collection locations. The BG Sentinel offers an attractive option for collection of large numbers of mosquitoes, without the inconvenience, cost, and safety concerns of dry ice or bottled carbon dioxide. However, although it catches approximately ten-fold more mosquitoes than BG-GATs, it is fivefold more expensive. This price factor is likely to limit the number of traps that could be deployed in a citizen science program and consequently the geographic spread that a program could achieve. BG-GATs catch many fewer mosquitoes but do collect the same species, sampling the mosquito community in a similar fashion to the BG Sentinel. The lower unit price would enable a greater geographic spread of collection points.
Both traps are known to be effective collectors of Ae. aegypti and Ae. albopictus , both of which are important vectors of dengue, chikungunya, and zika viruses. Thus, citizen science programs utilizing either trap type could be used to detect incursions of these species into new areas. Further, both trap types could conceivably also be used to detect arboviruses, provided they could be fitted with honey-soaked FTA cards, which can be used for arbovirus detection (Hall-Mendelin et al. 2010) . Indeed, other mosquito trap types have been modified to accommodate FTA cards for successful virus detection in the field (e.g., van den Hurk et al. 2014 , Flies et al. 2015 .
Both traps could be employed for use in a citizen sciencecentered mosquito surveillance program. This may involve citizen scientists performing collections and delivering them to laboratory technicians either directly or at collection depots (such as local government health offices). Alternatively, participants could simply photograph and upload images of their collections for assessment by trained technicians. Improvements in digital photography using common smart phones and everincreasing internet speeds make this kind of process possible. Validation of identified accuracy by image capture and electronic communication would nevertheless be required, as was used by Palmer et al. (2017) .
A recent citizen science effort to detect Asian tiger mosquitoes (Aedes (Stegomyia) albopictus) utilized a mobile phone application for members of the public to record encounters with this species. The application included a description of the species and its behavior, along with the facility for people to photograph specimens which could then be verified by entomologists remotely. A system whereby citizen scientists photographed collections from their traps and uploaded them via a mobile phone application would provide an opportunity for both validation of collections and engagement and education of the public about mosquitoes.
Electronic communication between citizen scientists and investigators offers geographic scalability along with geolocation and image-sharing services. To this end, mobile phone applications, utilizing a commonly available technology for the general public, have been developed. Noteworthy among these is Mosquito Alert (http://www.mosquitoalert.com/), specifically designed for citizen science detection and reporting of Aedes (Stegomyia) species (Palmer et al. 2017 ) and the Globe Observer (https://observer.globe.gov/about/get-the-app), which supports data collection about a range of mosquito species.
In any case, this present study provides evidence to support the employment of citizen science in mosquito surveillance and adds to our understanding of the potential for the public to contribute to entomological data collection as demonstrated through previous studies (Williams et al. 2017) . Recent work in Germany has demonstrated how mosquito collections by citizen scientists can provide data about both native and exotic mosquito species (Walther and Kampen 2017) without the use of mosquito traps. By using standard trapping procedures, we propose that citizen scientists could be engaged to collect both mosquito distribution and abundance data. Despite being devised for collection of Aedes (Stegomyia) dengue vectors, BG Sentinels and BG-GAT traps can be effectively used in temperate climates for collection of a range of mosquito species and can have potential applications in citizen science projects.
